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Characterization and Enrichment of Cardiomyocytes 
Derived From Human Embryonic Stem Cells 

Chunhui Xu ? Shailaja Police, Naraitha Rao, Melissa K. Carpenter 

Abstract— Cell replacement therapy is a promising approach for the treatment of cardiac diseases, but is challenged by a 
limited supply of appropriate cells. We have investigated whether functional, cardiomyocytes can be efficiently 
generated from human embiyonic stem (hES) cells. Cardiomyocyte differentiation was evaluated using 3 parent (HI, 
H7, and H9) hES cell lines and 2 clonal (H9.1 and H9.2) hES ceil lines. All cell lines examined differentiated into 
cardiomyocytes, even after long-term culture (50 passages or ~260 population doublings). Upon differentiation, beating 
cells were observed after one week in differentiation conditions, increased in numbers with time, and could retain 
contractility for over 70 days. The beating cells expressed markers characteristic of cardiomyocytes, such as cardiac 
cMTiyosin heavy chain, cardiac troponin I and T, atrial natriuretic factor, and cardiac transcription factors GATA-4, 
Nkx2.5, and MEF-2, In addition, cardiomyocyte differentiation could be enhanced by treatment of cells with 
5-aza-2'-deoxycytidme but not DMSO or retinoic acid, Furthermore, the differentiated cultures could be dissociated and 
enriched by Percoll density eentrifugation to give a population containing 70% cardiomyocytes. The enriched population 
was proliferative and showed appropriate expression of cardiomyocyte markers. The extended replicative capacity of 
hES cells and the ability to differentiate and enrich for functional human cardiomyocytes warrant further development 
of these cells for clinical application in heart diseases. (Ore Res. 2002;91:501-5080 
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Human cardiomyocytes proliferate and mature during 
gestation: however, these cells terminally differentiate 
soon after birth. 1 It is thus generally accepted that cardiomyo- 
cytes cannot be regenerated once heart tissue is damaged by 
trauma such as ischemic conditions leading to cardiac infarc- 
tion. 1 - 2 Although it appears that somatic stem ceils can 
migrate to heart tissue and differentiate into cardiomyo- 
cytes,^' such events may not be sufficient to reverse the 
pathological conditions. To enhance the biological function 
of the damaged heart, cell transplantation may be an effective 
therapy. Animal studies have used various types of cells for 
transplantation, including fetal and neonatal cardiomyocytes, 
skeletal and smooth muscle, fibroblasts, and bone marrow- 
derived cells.' 1 1 1 Many cell types including fetal and neonatal 
cardiomyocytes appear to be promising candidates because of 
their ability to integrate into the host tissue 7 ' 12 -'* and to 
improve heart function. 1 * 15 Although this type of transplan- 
tation is promising, the source of cells such as human fetal 
and neonatal cardiomyocytes for ceil therapies is, however, 
limited. This issue is particularly relevant because a signifi- 
cant percentage of transplanted fetal rat cardiomyocytes die 
posttransplantation. 1 * It may therefore require either trans- 
plantation of large numbers of cardiomyocytes to achieve 
survival of adequate ceil numbers or improvement of survival 
of transplanted cells. 



Cardiomyocytes have been successfully derived from 
mouse embryonic stem (mES) cells and. shown to form stable 
grafts in the mouse heart.' 7 33 The availability of human 
embryonic stem (hES) cells 2 -^ offers a possible solution to 
the poor availability of human cardiomyocytes for transplan- 
tation. hES cells have been successfully maintained in vitro 
for over 250 population doublings and retain stable pheno- 
type and karyotype. 26 ' 37 Furthermore, we have established a 
feeder-free system for culturing hES cells that maintains the 
potential of these cells to differentiate into cells of all 3 germ 
lineages, including beating cardiomyocytes, 7 - 7 This culture 
system will facilitate generation of large quantities of cells for 
therapeutic applications. 

In the present study, we report that cardiomyocytes can be 
efficiently derived from hES cells using appropriate culture 
conditions. The cells express cardiac genes and respond 
appropriately to cardioactive dings. hES cell-derived cardio- 
myocytes can be enriched by density separation and appear to 
retain appropriate phenotype, which will facilitate their use in 
cell replacement therapy. 

Materials and Methods 

Induction of Cardiomyocyte Differentiation 

hES cells were maintained as described in the expanded Materials 
and Methods section (which can be found in the online data 
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Figure 1* Differentiation of cardiomyocytes from 
hES cells. A, Confluent cultures of undifferentiated 
hES cells (a) were dissociated and cultured In sus- 
pension to form embryoid bodies (EBs) (b). EBs 
were transferred to gelatin-coated plates after 4 
days in suspension culture to allow further differ- 
entiation into a heterogeneous cells, including 
spontaneously contracting cardiomyocytes that 
were positive for cTnl (c), Bar-400 pxt\ for a and b 
and 50 /xm for c, B, Percentage of EBs derived 
from H9.2 ceils (passage 294-26. cells were sub- 
cloned from H9 at passage 29 and maintained for 
additional 26 passages) containing contracting 
ceils during differentiation, C, Real-time RT-PCR 
analysis of cardiac «~MHC during differentiation of 
H1 ceils (passage 29) normalized to 18S RNA. 
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supplement available at http://www.ci rcresaha.org) and induced to 
differentiate as described below, Col is were dissociated into clumps 
using 200 U/mL coiiagenasc IV (Invitrogen) al 37*0 for 5 to 10 
minutes and cultured in suspension using low attachment plates 
(Corning Inc) to form embryoid bodies (EBs), The differentiation 
medium contained B0?/o K.O-DMEM, 1 mmol/L i,-g1utami»e, 
0.1 mmol/L 0-morcaplocthanol, 1% nonessential amino acids stock, 
and 20% FBS (Hyclone), Alter 4 days in suspension, EBs were 
transferred onto gelatin or poly-L-lysine~coated plates at »»I to 3 
EBs/cnr and cultured for additional days as described in Results. 
The cultures were then examined for the presence of beating cells 
and subjected to analysis of gene expression or pharmacological 
studies. The effect of the differentiation rcagenls dimethyl sulfoxide 
(DMSO) > ali-frnns rclinoic acid (RA), or 5-aza-2'-dcoxycytidmc 
(5-aza-dC), which arc known to enhance cardiomyocyte differenti- 
ation in murine embryonic carcinoma (mEC) PI 9 cells, mES cells, or 
mesenchymal stem cells/* 50 respectively, was assessed at different 
times during differentiation. Cultures were exposed to the reagent at 
the beginning of treatment and returned to basal medium without the 
reagent after the treatment. The number of days of differentiation 
includes the days in which the cells were maintained in suspension. 
For example, differentiation day 6 is aAcr cells were maintained in 
suspension for 4 days, plated, and cultured for an additional 2 days 
after plating, 

hES eel I- derived cardiomyocytes were characterized by immuno- 
slainiog and RT-PCR and evaluated in vitro for responses to 
pharmacological agents as described in the online data supplement. 

Percoll Enrichment of Cardiomyocytes 

Differentiated hES cells containing beating cells were dissociated, 
resttspended in differentiation medium, and loaded onto a discontin- 
uous Percoll gradient. Percoll (Pharmacia) was diluted in a buffer 
containing 20 mmol/L ( TERES and 150 mmol/L Nad The gradient 
consisted of a 40.5% Percoll layer over a layer of 58.5% Percoll, 
After centrifugation at 1500# for 30 minutes, cell layers were 
apparent. Colls at different layers were- collected, washed, restts- 
pended in the differentiation medium, and plated for immunostain- 
ing. or collected for real-time RT-PCR analysis. For immnnocyto- 
chernical analysis, the fractionated cells were seeded into chamber 
slides, cultured for an additional few days and immunostatned. 

Methods for dissociation of cardiomyocytes, immunostaimng and 
RT-PCR are provided in the online data supplement 

Results 

Cardiac differentiation was initiated by inducing EB forma- 
tion from undifferentiated hES cells (Figure I A). In order to 
monitor the presence of beating cells in individual EBs, BBs 



were seeded at low density after 4 days in suspension culture, 
and the locations of EBs in each well were recorded. The EBs 
attached and continued to proliferate and differentiate into a 
heterogeneous population of cells including beating cardio- 
myocytes. Spontaneously contracting cells appeared as clus- 
ters and were identified in approximately 25% of the indi- 
vidual EBs at differentiation day 8 and increased to as many 
as 70% of the EBs by day 16 (Figure I B). The percentage of 
beating EBs usually increased over time until day ^20 and 
maintained at this level In some cases, the number of beating 
EBs declined due to the overgrowth of other cells, which 
sometimes caused the peeling of cells from the plate. We 
found that this problem can be overcome by lowering the EB 
seeding density, more gently aspirating during medium ex- 
changes, or dissociating the cells and then replating them. In 
our hands, contracting cells could be found in long-term 
cultures maintained up to differentiation day 70. 

Cardiomyocyte formation in EB cultures was seen in 3 hES 
celt lines as well as 2 clonal lines tested (HL H7> H9, H9.1, 
and H9.2). hES cells maintained for 50 passages (**260 
population doublings) retained the capacity to differentiate 
into cardiomyocytes (see an example in Figure IB). 

Expression of Cardiac Markers in 
hES-Derived Cardiomyocytes 

hES cell-derived cardiomyocytes express cardiac-specific 
troponin I (cTnl), a sukmit of the troponin complex that 
provides a calcium-sensitive molecular switch for the regu- 
lation of striated muscle contraction/ 1 We found that cTnl 
was detected only in the beating regions of the culture. A 
representative eTnl-positivc area is shown in Figure 1 Ac. The 
presence of cTnl in the contracting cells was also confirmed 
by Western blot, which showed that cTnl was expressed in 
differentiated hES cultures containing contracting cells, but 
not in undifferentiated hES cells or differentiated cultures 
with no evidence of contracting cells (data not shown). 
Similar results were found in all cell lines tested, 

Real-time RT-PCR assays showed that cardiac-specific 
a-MHC transcripts were undetectable in undifferentiated hES 
cell cultures or differentiated cultures at early stages, and 
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Figure 2. Marker analysis of hES cell-derived cardiomyocytes. 
A, H7 cells (passage 37), dissociated at differentiation day 29, 
cultured for an additional 3 days and assessed for tropomyosin 
irnmunoreactivfty. H9 cells (passage 28) were dissociated at dif- 
ferentiation day 15, cultured for an additional 2 days and 
stained with sMHC, a-actinln, desmin, and cTnT as Indicated. 
Bar^10 ^m, B, H9 cells {passage 24) at differentiation day 11 
were partially dissociated, further cultured for 10 days and 
stained with antibodies against sMHC and CK-MB or cTnl and 
myoglobin. C, H9 ceils (passage 23) at differentiation day 14 
were partially dissociated, further cultured for 10 days and 
stained with antibodies against GATA-4 or MEF-2 and cTnl as 
indicated. D, RT-PCR analysis of Nkx2.5, ANF, and GAPDH in 
H9 undifferentiated cells (passage 24, sample 2), two indepen- 
dent differentiated cultures at differentiation day 15 (sample 3 
and 4) and human fetal atria! cDNA (sample 1). Samples of 
cDNA and three 10-fold serial dilutions were analyzed to com- 
pare the levels of mRNA. E, Ceils derived from H1 cells (pas- 
sage 30) at differentiation day 22 were stained with antibodies 
against cTnl and 01-AR. DAPl was used for staining nuclei for 
A, B, C, and E. Bar-50 fim for B, C, and E, 



increased significantly after day 7 of differentiation (Figure 
IC). In contrast, expression of hTERT, a gene expressed in 
undifferentiated hES cell cultures, 2 ™ 2 decreased during the 
process of differentiation (data not shown). 

Other muscle markers were evaluated using dissociated 
hES cell-derived cardiomyocytes: sMHC, tropomyosin, 
tf-actinin, desmin. and cardiac troponin T (cTnT) proteins 
were detected in single beating cells or clusters of cells 
(Figure 2 A). Single stained cardiomyocytes showed spindle, 
round, and til- or multiangular morphologies with striations 
characteristic of the sarcomeric structures of muscle cells. 
Immunostaining showed that 100% of sMHC-positive cells 
express cTnl, indicating that all the identified cells were 
cardiomyocytes. Furthermore, myogenin, a skeletal, muscle- 
specific marker, was not detectable in the sMH (.'-positive 
cells by immunostaining, suggesting that the hBS cell- 
derived cardiomyocytes were not expressing inappropriate 
proteins. 

In addition to structural proteins, creatine kiuase-MB 
(CK-MB) and myoglobin were also expressed by hl£S cell- 



derived cardiomyocytes (Figure 2B). CK-MB is found to be 
involved in high-energy phosphate transfer and facilitates 
diffusion of high-energy phosphate from mitochondria to 
myofibril in myocytes. Myoglobin is a cytosolic oxygen 
binding protein responsible for the storage and diffusion of 
oxygen within myocytes. Thus, hES cell- derived cardiomyo- 
cytes appear to have appropriate metabolic activity. 

hES cell-derived cardiomyocytes also specifically ex- 
pressed several cardiac transcription factors, including 
GATA-4, MEF-2, and Nkx2.5, in the differentiated cultures. 
These transcription factors are expressed in precardiac meso- 
derm and persist in the heart during development. GATA-4 
iramunoreactivify was found in nuclei of all cTnl-positive 
cells (Figure 2C). Western blots also indicated that GATA-4 
is highly expressed in differentiated hES cells containing 
contracting cells but not in differentiated cultures that did not 
contain contracting cells (data not shown), indicating that 
GATA-4 is associated with cardiomyocyte differentiation, 
Similarly, MEF-2 was also expressed in nuclei of cTnl- 
posilivc cells as detected by immunostaining (Figure 2C). 
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Semiquantitative RT-PCR indicated that Nkx.2.5 was ex- 
pressed in hES cell- differentiated cultures containing beating 
cardiomyocytes, but undetectable in undifferentiated cultures 
(Figure 2D). Real-time RT-PCR analysis indicated that ex- 
pression of Nkx2.5 is very low or noudetectable during HI 
differentiation from day 0 to 6 and significantly increased at 
day 7 (data not shown). Therefore, hES cell- derived cardio- 
myocytes express cardiac transcription factors appropriately. 

In addition, atrial natriuretic factor (ANF), a hormone that 
is actively expressed in both atrial and ventricular cardiomyo- 
cytes in developing heart, but is significantly downregulated 
in adult ventricular cells, 3 * was found to be up-regulated 
during cardiac differentiation of hES celts as detected by a 
semiquantitative RT-PCR (Figure 2D). 

Taken together, the above data indicate that hES cell- 
derived cardiomyocytes show characteristic gene expression 
patterns of developing cardiomyocytes. 

Pharmacological Responses of hES Celi- 
Dcrivcd Cardiomyocytes 

The in vitro function of hES cell-derived cardiomyocytes 
was examined by evaluating chronotropic effects of cardio- 
active drugs. Ion channels including L-type calcium channels 
play critical roles in cardiac contractile function. 34 RT-PCR 
analysis shows that a, subunit of L-type calcium channel is 
detected in differentiated cultures (data not shown). There- 
fore, we determined the effect of diitiazem, an ion channel 
blocker, on the beating frequency of hES cell-derived car- 
diomyocytes. Differentiated cells were incubated with vari- 
ous concentrations of the drug followed by measuring the 
beating frequency. Figure 3A shows that the beating fre- 
quency was decreased by diitiazem in. a concentration- 
dependent manner; treatment with 1(T 7 mol/L diitiazem 
significantly reduced the frequency, and treatment with 10~ 5 
mol/L stopped pulsatile contraction entirely. Contractions 
recovered to a normal rate 24 to 48 hours after removal of the 
drug. These results suggest functional ion channels exist in 
the hES cell- derived beating cardiomyocytes. 

Cytosoiic calcium is a crucial factor for controlling cardio- 
myocytc contraction and can be influenced by the interaction 
of adrenoceptors (ARs) with their ligands. 35 We therefore 
examined whether hES cell-derived cardiomyocytes ex- 
pressed. ARs by immunostaining with antibodies against AR 
and cTnL The cardiomyocytes identified by cTnl expression 
were also immuuoreactive for J3,-AR (Figure 2E) and a r AR 
(data not shown). To determine if ARs were functioning 
appropriately, contracting cells were treated with isoprena- 
line, a /3 r AR agonist, or phenylephrine, an a r AR agonist, 
and the rate of beating was monitored. As shown in Figures 
3B and 3C 7 both isoprenalinc and phenylephrine enhanced the 
contraction rate of hES cell-derived cardiomyocytes at dif- 
ferentiation day 15 to 20 in a dose-dependent manner. Unlike 
responses to isoprenalinc or phenylephrine, cells at early 
stages (differentiation day 22 and 39) did not respond to 
ctenbuterol, a j3 r AR agonist. However, cultures allowed to 
differentiate for a longer period of time (day 61 to 72) showed 
an increase in beating frequency (Figure 3E). These results 
suggest that differential responses of adrenoceptors occur 
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Figure 3. Studies of pharmacological responses. Effect of (A) 
diitiazem (a calcium channel blocker), (B) isoprenaline (a 
0r adrenoceptor agonist) , (C) phenylephrine (an 
«1 -adrenoceptor agonist), and (D) IBMX (an Inhibitor of phos- 
phodiesterases), on the contraction rate of cardiomyocytes 
derived from H9 cells (passage 31 to 32) or H7 cells (passage 
49) at differentiation day 15 to 21 . Effect of (E) clenbuterol (a 
/^-adrenoceptor agonist) on H7 cells (passage 48) at differentia- 
tion day 39, 61 , or 72. Each data point represents the 
mean^SEM pulsation rate. Statistical significance was tested by 
the ANOVA test: *P<0.05, "P<0.005, **«P<0.0005. 

during cardiomyocyte differentiation from hES cells, similar 
to that seen with mES cell- derived cardiomyocytes. -* f> 

Application of isoburyi methyl xanthine (IBMX), an inhib- 
itor of phosphodiesterase (which converts cAMP into 
5'AMP), resulted in a concentration-dependent increase of 
the contraction rate by IBMX (Figure 3D). These results 
indicate that the hES cell-derived cardiomyocytes respond 
appropriately to cardioactive drugs and this, response may be 
mediated through a cAMP-dependent mechanism/ 7 

Effect of Differentiation Induction Reagents on 
Cardiomyocyte Differentiation 

In order to enhance cardiomyocyte differentiation, the effect 
of differentiation induction reagents was evaluated. DMSO 
and RA, which have been shown to induce cardiomyocyte 
differentiation in mEC PI 9 cells 28 and mES cells,' 9 respec- 
tively, were evaluated but did not enhance hES cell cardio- 
myocyte differentiation (additional results in the online data 
supplement). 

5-aza-dC has been shown to induce differentiation of 
mesenchymal stem cells presumably via demethylation of 
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Figure 4. Enrichment of cardiomyoeytes by 5-aza-dC treatment 
and Percoli separation, A, Effect of 5-aza-dC treatment on car- 
diac «-MHC mRNA ievels of differentiation of H9 cells (passage 
26). Cells were treated with 5-aza-dC at differentiation day 1 to 
4, 4 to 6, or 6 to 8 and analyzed at differentiation day 15 for 
cardiac tt-MHC mRNA levels by real-time RT-PGR Taqman 
analysis. Error bars that are not visible are smaller than the 
width of the symbol. ES indicates undifferentiated hES cells; 
Ctrl, untreated differentiated cell control. B, Effect of Percoli 
separation on enrichment of cardiomyoeytes. H9 cells (passage 
31) at differentiation day 22 were dissociated and separated by 
Percoli centrifugation. Cardiac <x-MHC mRNA levels of ceils in 
different fractions were compared with the starting material 
(input cells). 18S was used for normalization for A and B. 

DNA. 30 To examine if 5-aza-dC affects cardiomyocytc dif- 
ferentiation of hES cells, hES cells were treated with 
5-aza-dC at differentiation day I to 4, 4 to 6, or 6 to 8. Cells 
were harvested at day 15 and analyzed for cardiac a-MHC by 
real-time RT-PCR. Treatment of H9 or HI cells with 
5-aza-dC at day 6 to 8 significantly increased the expression 
of cardiac a-MHC (H9; data shown in Figure 4A), In 
contrast, a significant decrease in expression of cardiac 
a-MHC was observed when H9 or HI cells were treated at 
differentiation day 1 to 4, In addition, the level of cardiac 
a-MHC decreased when H9 cells were treated with 10 
junoI/L but not I /xmol/L 5-aza-dC during differentiation day 
4 to 6 compared with the nontreatment control. Imtnunostain- 
ing analysis of cTn I -positive ceils indicated that the increase 
in a-MHC correlates with an increase in the number of 
cardiomyoeytes (online data supplement). Therefore, 
5-aza-dC appears to enhance cardiomyocytc differentiation 
from hES cells in a time-dependent manner. Further research 
is needed to characterize the complete phenotype of these 
cells. 



Enrichment of Cardiomyoeytes Using 
Discontinuous Percoli Gradients 

in order to use hES cell-derived cardiomyoeytes hi therapeu- 
tic applications, it will be beneficial to produce a population 
of cells highly enriched for cardiomyoeytes. We have used 
discontinuous Percoli gradients to successfully enrich hES 
cell-derived cardiomyoeytes, An example is provided in 
online Table 2 (in the online data supplement available at 
htlp://wvvw,cj rcresaha.org) in which H7 cell-derived cardio- 
myoeytes at differentiation day 21 were dissociated and 
applied to a discontinuous Percoli gradient (40.5% over 
58.5%). After centrifugation, 2 layers of cells were observed: 
one on top of the Percoli (fraction 1) and a layer of cells at the 
interface of the 2 layers of Percoli (fraction 111). These 2 
fractions, ceils within the 40.5% Percoli layer (fraction II) 
and the 58.5% Percoli layer (fraction IV), and the starting 
material, (input cells) were collected and cultured for 2 or 7 
days before immunortaining. Although beating cells were 
observed in all fractions, fraction III and IV contained a 
higher percentage of beating cells. Quantitative analysis of 
triplicate wells showed that fraction III contained 36±3% 
sMHC-positive cells and fraction IV contained 70±5% 
sMHC-positive cells, whereas fraction I or II contained only 
3% to 5% sMHC-positive cells 2 days after seeding (online 
Table 2). Compared with the starting material that contained 
17±4% sMHC-positive cells, fraction IV showed a 4-fold 
enrichment. Similar results were observed for cells cultured 
for additional 7 days (online Table 2). We also applied the 
same separation procedure to H9 cells at differentiation day 
22 and found that levels of cardiac a-MHC UNA in fractions 
IIJ and IV were significantly higher than cells without the 
separation, confirming the enrichment (Figure 4B). Similar 
enrichment results (20% to 40% sMRC or cTnl-posirive cells 
for fraction III and 50% to 70% sMHC or cTnl-positive cells 
for fraction JV) were observed in multiple experiments using 
HI or 147 cells. These results indicate a significant enrich- 
ment of cardiomyoeytes using a discontinuous Percoli gradi- 
ent separation, 

To characterize the Pcrcoll-cnrichcd cell populations, we 
performed immunostaining using antibodies against various 
markers. As shown in online Table 3, positive tmmunorcac- 
tivity for antibodies against cardiac o/jSMHC, 0MHC and 
sMHC was found in all cardiac ceils as identified by 
cTnl-positive cells, but not in noncardiac cells. A represen- 
tative image of cTnl and sMHC staining is shown in Figure 
5. In addition. cTnl-positive cells expressed N-cadherin. 
Neither cardiac cells nor noncardiac cells expressed myoge- 
nic AFP, or /3-tubulin III, indicating the absence of skeletal 
muscle, endoderm ceil types, or neurons in the Percoll- 
enriched culture. To examine if there were any undifferenti- 
ated hES cells in the population, surface markers for undif- 
ferentiated hES cells, SSEA-4 and Tral-8K were analyzed. 
No detectable signal was found in either cardiac or noncar- 
diac cells. Therefore, the Percoll-enrtched cells did not appear 
to contain undifferentiated hES ceils, 

It has been reported that o>smooth muscle actin (SM A) is 
present in embryonic and fetal but not in adult cardiomyo- 
eytes. 38 - 39 Immunostaining results indicated that all cTnl- 
positive cells and a subset of cTni-negativc cells expressed 
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Figure 5. Characterisation of Percoll-enriched cells. A, Immuno- 
staining of H1 cells (passage 30) isolated at differentiation day 
19, cultured for 2 days, and stained with antibodies against cTnl 
and sMHC. B, Imrnunostaining of H7 cells (passage 47) isolated 
at differentiation day 12, cultured for an additional 10 days, and 
stained with antibodies against cTnl and Ki-67. C t H7 ceils (pas- 
sage 37) isolated at differentiation day 29, cultured for additional 
3 days, pulsed with BrdU, and stained with antibodies against 
sMHC and BrdU. Bap* 50 f.tm 

SMA, suggesting that these cardiomyocytes may represent an 
early stage of cardiomyocytes. 

To evaluate the proliferative capacity of these cells, cul- 
tures were analyzed for BrdU incorporation and Ki-67 ex- 
pression. Ki-67 is a protein in active phases of the cell cycle 
(Gl, S. G2. and mitosis) but not in resting GO cells and 
therefore used to assess cell proliferation,*' 0 -' 11 In this experi- 
ment, H7 cells (passage 37) at differentiation day 13 were 
dissociated and isolated by Pcrcoll separation. Cells in 
fraction Hi and IV were replated, cultured for additional 2 
days, and then pulse-labeled with BrdU for 24 hours. We 
found that 43 ±4% of the sMKC-positivc cells expressed 
BrdU, indicating that these cardiac cells were in S phase of 
proliferation. Parallel cultures were Percoll -separated at dif- 
ferentiation day 29, cultured for additional 4 days, and 
assessed for BrdU incorporation and the presence of Ki-67. 
We found that 23 ±10% of sMHC-positivc cells incorporated 
BrdU and 28-1:4% of sMHC-positive cells were positive for 
Ki-67. In sMHC-negative cells, 71 ±2% cells incorporated 
BrdU and 46±7% cells were positive for Ki67. Experiments 
using other cultures also indicated that a subset of cTnl- 
positive cells expressed Ki-67 (online Table 3). Figure 5 
shows a repiescntative image. These results indicate that 
some of the hES cell-derived cardiomyocytes were 
proliferating. 

Discussion 

The generation of functional cardiomyocytes from hES cells 
has several potential applications including myocardial repair 
through cell transplantation. Such an application has already 
been demonstrated in animal models using other sources of 
cells*' 11 ; however, the plasticity of adult stem cells has been 



recently challenged. 4 ^ 5 The assumed capacity of transdiffer- 
cntiation of the adult stem cells into other lineages in vivo 
might simply be a fusing with existing cell types rather than 
direct conversion. In addition, adult stem cells usually have 
limited proliferative capacity, whereas hES ceils have ex- 
tended implicative capacity. 2 * Therefore, hES cell-derived 
cardiomyocytes may prove to be the best candidate popula- 
tion for cell therapy. This and other potential applications of 
hES cell-derived cardiomyocytes are, however, largely de- 
pendent on practical aspects of producing a sufficient amount 
of these cells. 

Our data demonstrate that hES cells can effectively differ- 
entiate into functional cardiomyocytes. This conclusion is 
based on (I) the contractility of the differentiated cultures, (2) 
specific expression of multiple cardiac-associated molecular 
markers by the differentiated cells, and (3) appropriate 
response of these differentiated cells to cardioactive drugs. 
While this article was in preparation. Kehat et al*' reported 
that cardiomyocytes can be produced from H9.2 hES cells. In 
the present study, we report that cardiomyocytes can be 
generated from multiple hES cell lines tested (HI, H7 f H9, 
H9.L and H9.2) and thai, using the H9.2 cells, we observed 
a higher percentage of beating EBs (70% versus 8%) com- 
pared with the earlier report. The difference in the efficiency 
of cardiomyocyte differentiation may reflect differences in 
culture conditions of the undifferentiated hES celts, methods 
used lor the dissociation of hES cells to generate EBs, the 
length of EB suspension culture, and/or the quality of serum 
used for differentiation. For example, we have been main- 
taining undifferentiated hES cells on MEF feeders or in 
feeder-free conditions using medium containing serum re- 
placement. However, Kehat et al cultured cells on feeders in 
medium containing FBS. Different culture conditions could 
lead to a different status of the hES cells used for differenti- 
ation and may be influenced by the confluence of the culture 
and amount of undifferentiated versus spontaneously differ- 
entiated cells in the cell population. In our experiments, cells 
were harvested using 200 U/mL collagenasc IV for 5 to 10 
minutes and gently dissociated into cell clumps for EB 
formation. These clumps vary in size, but the majority 
contained **100 cells or more. However, Kehat et al treated 
cells with 1 mg/mL collagenasc IV for 20 minutes, which 
resulted in smaller clumps containing 3 to 20 cells. In 
addition, we allowed the EBs to attach onto plates after 
culture in suspension for only 4 days instead of 10 days as 
described by Kehat et al. 4 * It is likely that the microenviron- 
ment within the EB culture will influence the differentiation 
of the cell population. 

We have found that cardiomyocyte differentiation can be 
significantly enhanced by treatment of cells with 5-aza-dC, a 
demethylation reagent. This might reflect a direct improve- 
ment of cardiomyocyte differentiation due to regulation of 
gene expression by demethylation. Alternatively, it might 
simply be a net effect from the lowered efficiency of hES cell 
differentiation into other cell types. Our observation under- 
scores the importance of demethylation for hES cell, differ- 
entiation into cardiomyocytes and perhaps other cell types as 
well 
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We and others have previously reported that hES ceils have 
different properties than mES cells, including surface marker 
expression and response to growth factors. 24 27 Consistent 
with this observation, hBS cell cardioniyocytc differentiation 
is indeed quite different from cardiomyocyte differentiation 
from mES and mEC cells. We observed cardiomyocyte 
differentiation from hES cells maintained for 260 population 
doublings, although cardiomyocyte differentiation using late 
passages of mES cells has been difficult, Whereas DM SO and 
RA enhance mEC P19 or mES cell cardiogenesis, 2 **-' these 
compounds did not show such an effect on hES cell cardio- 
myocyte differentiation. Although the exact mechanism is 
unclear, it is possible that cardiomyocyte differentiation from 
hES cells is controlled by different signaling pathways or a 
common pathway that is also regulated by species-specific 
modulators. The effects of RA we have observed are in 
contrast to those repotted by Schuldiner et al, 4S who showed 
that RA treatment increased expression of cardiac a-actin in 
H9. 1 clonal cell line. This difference may have- resulted from 
several factors such as different cell lines or subclones, 
culture systems, differentiation protocols, and/or the assay 
endpoinrs used, 

in addition, we have also demonstrated the enrichment of 
hES ceil- derived cardiomyocytes by Percoll gradient sepa- 
ration and proliferation capacity of the enriched cells. These 
cells express appropriate cardiomyocy to-associated proteins. 
A subset of them appears to be proliferative as determined by 
BrdU incorporation or expression of Ki-67, suggesting that 
these cardiomyocytes represent an early stage of cells. This 
population may be a useful model for studying cell cycle 
regulation of the cardiomyocytes. It will be important to 
determine if this represents an expandable population of cells. 

In summary, we have demonstrated that an enriched 
population of cardiomyocytes can be derived from hES cells. 
These hES cell- derived cardiomyocytes can now be tested 
for their ability to enhance cardiac function in preclinical 
animal models and for utility in drug discovery. 
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Online Data Supplement (Xu et al.) 
Materials and Methods 

hES cell culture 

hES cell lines, H1, H7, H9, H9.1 and H9.2, 1 ' 2 were initially maintained on feeders 
in ES medium containing 80% knockout Dulbecco's modified Eagle's medium 
(KO-DMEM) (Invitrogen, Carlsbad, CA), 1 mM L-glutamine, 0.1 mM p- 
mercaptoethanol,1% nonessential amino acids stock (Invitrogen), 20% Serum 
Replacement (Invitrogen) and 4 ng/ml hbFGF (Invitrogen) 2 and were later 
maintained using feeder-free conditions as described previously. 3 Briefly, feeder- 
free cultures were passaged by incubation in 200 units/ml collagenase IV for 5- 
10 minutes at 37"C, dissociated and then seeded onto Ma trigel®-coated plates 
and maintained in conditioned medium prepared from primary mouse embryonic 
fibroblast cultures. The mouse embryonic fibroblasts were derived from CF-1 
E13 embryos as described. 4 

Dissociation of cardiomyocytes 

Differentiated cultures containing beating cardiomyocytes were washed with PBS 
or a low-calcium solution containing 120 mM NaCI, 5.4 mM KCI, 5 mM MgS0 4 , 5 
mM Na-pyruvate, 20 mM glucose, 20 mM taurine, and 10 mM HEPES at pH 6.9. 5 
The cultures were incubated in 1 mg/ml collagenase B (Roche Molecular 
Biochemicals, Indiana Polis, IN) in the low-calcium solution supplemented with 
30 jiM CaCI 2 at 37°C for 1-2 h. Cells were then resuspended in a solution 
containing 85 mM KCI, 30 mM K 2 HP0 4 , 5 mM MgS0 4 , 1 mM EGTA, 2 mM 

1 



Na 2 ATP, 5 mM Na-pyruvate, 5 mM creatine, 20 mM taurine, and 20 mM glucose 
at pH 7.2 and incubated at 37°C for 15 min for more complete dissociation. After 
dissociation, the cells were plated and cultured in differentiation medium or 
applied to a Percoll gradient as described below. Cells may also be dissociated 
with 0.56 units/ml Blendzyme IV (Roche, Indianapolis, IN) at 37°C for 30 min. 

Immunostaining 

Immunostaining of EB outgrowth cultures or dissociated cardiomyocytes was 
performed as follows. Differentiated cultures were fixed in methanol/acetone 

(3:1) at ~20°C for 20 min for most of the antibodies unless noted below. For 
staining using antibodies against human Ki-67, cardiac oc/(3 MHC, (3-MHC, AFP, 
or p-tubulin III together with antibodies against cTnl, cells were fixed with freshly 
prepared 2% paraformaldehyde (PFA) at room temperature (RT) for 20 min 
followed by permeabilization with 100% ethanol at RT for 5 min. Cells were then 
washed 2 times with PBS, blocked with 5% normal goat serum (NGS) in PBS at 

4°C overnight, followed by incubation at RT for 2 h with primary antibodies (Table 
1 Online) diluted in the primary antibody diluting buffer (Biomeda Corp., Foster 
city, CA) or 1% NGS in PBS. After washing, the cells were exposed to the 
corresponding FITC or Texas Red-conjugated secondary antibodies diluted in 
1% NGS in PBS at RT for 30-60 min. The cells were then washed again, stained 
with DAPI and mounted with Vectashield medium (Vector Laboratories Inc. 
Burlingame, CA) for photomicroscopy. 
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For double staining with antibodies against sMHC and BrdU, cells in 
fraction III and IV were replated, cultured for additional 2 days and then pulse- 
labeled with BrdU for 24 hr. Cells were then fixed with methanol/acetone, 
blocked, incubated with antibodies against sMHC and secondary antibodies as 
described above. The cells were then re-permeabiiized with 2 N HCI at RT for 10 
min, washed 3 times with 5% NGS in PBS, and neutralized with 0.1 M sodium 
borate at RT for 10 min. After washing with a buffer containing 5% NGS, 1% 
Triton X-100 and 2 mg/ml BSA in PBS, cells were incubated with antibodies 
against BrdU diluted in the same buffer at RT for 30 min, followed by washing 
and secondary antibody incubation. Cells were stained with DAPI and mounted. 

Double staining with antibodies against SSEA-4 or Tra 1-81 together with 
antibodies against cTnl was performed by first staining live cells with SSEA-4 or 
Tra 1-81 diluted in warm KO DMEM at 37°C for 30 min. After washing with warm 
KO DMEM, cells were fixed in 2% PFA at RT for 15 min, washed with PBS and 
incubated with FITC-conjugated secondary antibodies at RT for 30 min. Cells 
were washed, re-fixed in 2% PFA, permeabilized with 100% ethanol and then 
stained with antibodies against cTnl as for other procedures. 

To confirm specificity of cTnl staining, individual contracting foci in the 
differentiated cultures were photographed to record contracting areas before the 
culture was fixed. The culture was then stained for cTnl immunoreactivity and 
matched to the original photographs to determine the percentage of contracting 
areas with cTnl immunoreactivity. 
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The percentage of sMHC, cTnl, Ki-67 or BrdU immunoreactive cells was 
determined by counting cells in triplicate wells using 10 images from each well. 
These values were summed and presented as mean + standard deviation of cells 
from 3 wells (300-700 cells were counted per condition). 

RT-PCR 

Standard real time reverse transcription reactions were performed with a Taqman 
7700 Sequence detection system for relative quantification of cardiac a-MHC. 
Taqman one step RT-PCR master mix (Applied Biosystems, Foster City, CA) 
was applied using the following reaction conditions: RT at 48°C for 30 min; 
denaturation and AmpliTaq gold activation at 95°C for 10 min; amplification for 40 
cycles at 95° for 15 sec and 60°C for 1 min. 18S ribosomal RNA was amplified 
to serve as a control using a kit for Taqman ribosomal RNA control reagents 
(Applied Biosystems). Primers for cardiac a-MHC are 
5'GGAGGAGCAAGCCAACACCAA3' and 5'GCAGTGAGGTTCCCGTGGCA3\ 
The probe for cardiac a-MHC is 5'GCGGACATCGCCGAGTCCCAGGTCAA3\ 
100 ng-1 pg of 10-fold serially diluted human heart RNA (Clontech) was used to 
generate a standard curve for the level of cardiac a-MHC. Reactions were 
analyzed by ABI Prism 7700 Sequence Detection system and the quantitation of 
expression of cardiac a-MHC was determined by comparison with the standard 
curve. Similarly, values for 18S were obtained for each sample. Relative a-MHC 
levels were presented as mean + standard deviation of the ratio of a-MHC and 
18S from triplicate reactions for each sample. 
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Semiquantitative RT-PCR for Nkx2.5, ANF and GAPDH was performed 
using standard procedures described elsewhere. 6 Three (ig RNA samples were 
converted into cDNA, serially diluted 1:10 and analyzed for expression of specific 
genes by PCR analysis. 6 Primers for Nkx2.5 are 

5TGGCTACAGCTGCACTGCCG3' and 5 , GGATCCATGCAGCGTGGAC3 , 
Primers for ANF are 5TAGGGACAGACTGCAAGAGG3' and 
5'CGAGGAAGTCACCATCAAACCAC3\ Primers for GAPDH have been 
described. 7 

In vitro responses to pharmacological agents 

EBs were plated onto gelatin or poly-L-lysine-coated 24-well plates and 
allowed to further differentiate. A day before the experiment, cells were fed with 
1 ml/well differentiation medium and beating areas were photographed and 
marked for later identification. The next day, the beating frequency for each area 
was measured by visual inspection in a 37°C microscope chamber before adding 
the drugs. To examine pharmacological responses, drugs (all from Sigma) were 
added to the culture at the lowest dose. Cultures were then incubated at 37°C in 
the incubator without shaking for 20-30 min. Each culture was then placed in a 
37°C microscope chamber and the beating frequency was monitored. The 
procedure was repeated several times by sequentially adding additional doses of 
the drug followed by monitoring the beating frequency. The results are 
presented as the mean pulsation rate + standard error of the mean measured for 
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10-20 beating areas. Significance was assessed by ANOVA test using StatView: 
* p< .05, ** p<.005, *** p<.0005. 

Results 

Effect of DMSO and RA on cardio myocyte differentiation 

In order to enhance cardiomyocyte differentiation, the effect of differentiation 
induction reagents was evaluated. DMSO has been shown to induce 
cardiomyocyte differentiation in mEC PI 9 cells, 8 although it is not required for 
cardiac differentiation of mES cells. The effect of DMSO on hES cell 
differentiation was examined by treating EBs from differentiation day 0 to 4 with 
0.5-1.5% DMSO. Fewer beating areas were found in cultures treated with 0.5% 
DMSO compared with non-treated cultures. No beating cells were observed in 
cultures treated with 0.8%, 1% or 1 .5% DMSO. Furthermore, DMSO was toxic to 
the cells at 1.5%. In addition, real time RT-PCR analysis showed that the level of 
cardiac a-MHC in 0.5 or 0.8% DMSO treated cells was 4 times lower compared 
to control untreated cultures. Thus, DMSO treatment decreased cardiomyocyte 
differentiation from hES cells. We also evaluated retinoic acid (RA), a reagent 
that enhances cardiogenesis of mES cells 9 and expression of cardiac a-actin in 
hES cells. 10 RA was added to hES cell cultures at different doses and different 
times of differentiation (day 0 to 4, 4 to 8, 8 to15 and 4 to15). Treatment with 10" 9 
-10~~ 5 M RA at day 0 to 4 was toxic to the cells and did not improve 
cardiomyocyte differentiation when added to the culture at later times of 
differentiation. Therefore, DMSO and RA did not enhance H1 hES cell 
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cardiomyocyte differentiation, in contrast to the positive effect these compounds 
have on mEC and mES cardiomyocyte differentiation, respectively. 



Effect of 5-aza-dC on cardiomyocyte differentiation 

As stated in the text, 5-aza-dC treatment at differentiation day 6 to 8 
increased levels of oc-MHC. To determine whether the increase in a-MHC 
correlates with an increase in the number of cardiomyocytes, we performed the 
following experiments. H7 cells were induced to differentiate, treated with 10 jllM 
5-aza-dC at differentiation day 6 to 8, dissociated at differentiation day 13, 
replated, cultured for additional 2 days and assessed. We found that the 5-aza- 
dC treated culture contained 44 + 2% of cTnl-positive cells while the control 
culture contained 15 + 4% cTnl-positive cells. A second experiment using H7 
cells at differentiation day 20 showed that the percentage of cTnl-positive cells 
was 26 + 2% in 5-aza-dC treated culture and 1 1 + 3% in the control culture. 
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Table 1 Online. Primary antibodies for cardiomyocyte analysis 



Antibodies 


Source 


Species 


Isotypes 


Dilutions 


cTnl 


Spectral Diagnostics 


mouse 


igGi 


1 


400-500 


tropomyosin 


Sigma 


mouse 


IgG, 


1 


100 


cTnT 


Sigma 


mouse 


IgGi 


1 


200 


pYAR 


Santa Cruz Biotech 


rabbit 


IgG 


1 


800 


a-actinin 


Sigma 


mouse 


igGi 


1 


200 


N-cadherin 


R&D 


rabbit 


IgG 


1 


800 


sMHC 


Hybridoma Bank 


mouse 


igG 2b 


1 


500 


oc/p MHC 


Chemicon 


mouse 


igG 2a 


1 


10 


(3MHC 


Chemicon 


mouse 


igG 2a 


1 


10 


desmin 


NeoMarkers 


mouse 


igGi 


1 


200 


GATA-4 


Santa Cruz Biotech 


rabbit 


IgG 


1 


100 


MEF-2A 


Santa Cruz Biotech 


rabbit 


IgG 


1 


100 


myoglobin 


Santa Cruz Biotech 


goat 


IgG 


1 


500 


AFP 


Sigma 


mouse 


igG 2a 


1 


500 


p-tubulin III 


Sigma 


mouse 


igG 2b 


1 


1000 


SSEA4 


Hybridoma Bank 


mouse 


igG 3 


1 


5 


Tra 1-81 


Dr. Peter Andrews 


mouse 


igM 


1 


20 


CK-MB 


Spectral Diagnostics 


mouse 


igGi 


1 


100 


BrdU 


Caltag Lab 


mouse 


igGi 


1 


100 


Ki-67 


Dako 


rabbit 


IgG 


1 


100 



Note: Antibodies against MEF-2A react with members of MEF-2 family. Antibodies against 
GATA4 and (31-AR are generated using specific peptides for these antigens based on information 
from Santa Cruz. We thank Dr. Peter Andrews for the Tra 1-81 antibodies. 
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Table 2 Online. Separation of hES cell-derived cardiomyocytes by Percoll 
gradient 



Fraction Cells collected Beating cells* % sMHOpositive cells 









Day 2 


Day 7 


Input cells 


1-2 x10 7 


+ 


17 + 4% 


15 + 4% 


1 


9x10 6 


+ 


3 + 1% 


3 + 3% 


II 


1.6 x10 6 


+ 


5 + 1% 


2 + 1% 


III 


4x10 6 


++ 


36 + 3% 


28 + 9% 


IV 


1.3 x10 6 


+++ 


70 + 5% 


52+15% 



H7 cell(passage 26)-derived cardiomyocytes differentiated for 21 days were 
enriched by Percoll gradient separation (see methods). After separation, each 
layer was collected, and cells were counted and replated. Cultures were 
maintained for 2 or 7 days before evaluation of sMHC immunoreactivity. Amount 
of beating cells: +++ > ++ > + >+. 
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Table 3 Online. Characterization of Percoll-enriched cells 



Markers 


Cardiac cells 


Non-cardiac cells 


Cells/Passage# 


Days of differentiation 


cTnl 


++ 


- 


H1 p30 


19 + 6 








H7 p45 


26 + 2, 26 + 10 








H7 p47 


12 + 2, 12 + 10 








H7 p37 


13 + 2, 13 + 5 








H7 p34 


20 + 7 


o/(3MHC 


++ 


- 


H7 p47 


12 + 2 


PMHC 


++ 


- 


H7 p45 


26 + 2 


sMHC 


++ 


- 


H1 p30 


19 + 6 








H7 p47 


12 + 10 








H7 p37 


13 + 2 








H7 p37 


29+4 


N-cadherin 


++ 


± 


H7 p47 


12 + 10 


Myogenin 






H7 p47 


12 + 10 


SMA 


+-§- 


+ 


H7 p37 


13 + 2 


AFP 






H7 p47 


12 + 2 


(3-tubulin !!i 






H7 p45 


26 + 2 


Ki-67 


+ 


+ 


HI p47 


12+10, 12 + 2 








H7 p45 


26 + 2,26 + 10 








H7 p37 


29 + 4 


BrdU 






H7 p37 


13 + 2 








H7 p37 


29+4 


SSEA4 






H7 p37 


13 + 5 


Tra1-81 






HI p34 


20 + 7 



Summary of multiple experiments in which hES cell-derived cardiomyocytes were enriched using 
Percoll gradient separation. Cells from fraction III and IV were harvested and evaluated 
immunocytochemically at the time points indicated. For Myogenin or BrdU staining, sMHC- 
positive cells were considered as cardiac cells. Ki-67 positive cells were examined in sMHC or 
cTnl stained cells. For all other markers, cardiac cells were identified as cTnl-positive cells. ++: 
positive signal detected in all cardiac cells examined. +: positive signal detected in a subset of 
the cells. +: the majority of the cells were negative but few showed positive signal. -: no signal 
detected. Days of differentiation are indicated as x + y: cells were dissociated and separated by 
Percoll at differentiation day x, plated on laminin-coated chamber slides and cultured for an 
additional y days. 
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